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ABSTRACT: The anaerobic biodegradation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and 2,4,6-trinitrotoluene (TNT) by a methanogenic mixed
culture was investigated. Microcosms containing a basal medium and the mixed culture were amended
with ethanol, propylene glycol (PG), butyrate or hydrogen gas as the electron donor and a mixture of TNT
(50 uM), RDX (25 pM), and HMX (8 pM). After 29 days, TNT and RDX were completely transformed to
unidentified end products in the bottles amended with ethanol, hydrogen, or PG, while 53%, 40%, and 22%
of the HMX was transformed, respectively. There was no loss of RDX or HMX in the electron donor una-
mended control bottles. The ethanol and PG were transformed to near stoichiometric amounts of acetate
and propionate, suggesting the immediate electron donor supporting the transformation of the H, or elec-
tron donors that produce H, may be a useful strategy for enhancing the anaerobic biodegradation of explo-
sives in contaminated groundwater and soils.
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Abstract

The anaerobic biodegradation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), octahydro-1 ,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX), and 2,4,6-trinitrotoluene (TNT) by a methanogenic mixed culture was investigated. Microcosms
containing a basal medium and the mixed culture were amended with ethanol, propylene glycol (PG), butyrate or
hydrogen gas as the electron donor and a mixture of TNT (50 uM), RDX (25 M), and HMX (8 uM). After 29 days
TNT and RDX were completely transformed to unidentified endproducts in the bottles amended with ethanol,
hydrogen, or PG, while 53%, 40%, and 22% of the HMX was transformed, respectively. There was no loss of RDX or
HMX in the electron donor unamended control bottles. The ethanol and PG were transformed to near stoichiometric
amounts of acetate and propionate, suggesting the immediate electron donor supporting the transformation of the
explosives was the H; evolved during the metabolism of the parent substrate. Our findings suggest that the addition of
H, or electron donors that produce H, may be a useful strategy for enhancing the anaerobic biodegradation of

explosives in contaminated groundwater and soils.
Published by Elsevier Science Ltd.
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1. Introduction

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), octa-
hydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and
2,4,6-trinitrotoluene (TNT) are secondary high explo-
sives widely used by militaries throughout the world [1].
Wastewater contaminated with these explosives is
generated during the production of munitions, as well
as from demilitarization operations when excess or
outdated munitions are destroyed [2]. In the past, this
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wastewater was stored in unlined lagoons, often result-
ing in significant environmental contamination [3]. More
than 1200 explosive contaminated sites have been
identified within the United States [4]. Many of them
pose an additional risk due to the potential for leaching
of the explosives to underlying groundwater aquifers.
The extent of the problem is just beginning to be realized
in the Europe. More than 2000 ammunition production
and storage sites are likely contaminated with explosives
[5].

The anaerobic biodegradation of explosives is well
documented [6]. However, most studies have been
carried out under poorly defined conditions with respect
to the electron donors and acceptors. For example,
studies have demonstrated the anaerobic biodegradation
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of RDX in nutrient broth [7], yeast extract medium [8],
and municipal sludge [9]). HMX, although more resistant
to degradation than RDX, was also biodegraded in a
yeast extract medium [8]. TNT was transformed to 2,4,6-
triaminotoluene (TAT) by Clostridia in Brain Heart
Infusion broth [10,11], mixed cultures in anaerobic
sludge [12] and by biofilm obtained from an industrial
wastewater treatment plant [13]. These studies unequi-
vocally demonstrated the anaerobic biodegradation of
explosives, but they were carried out using media that
contain undefined amounts of carbohydrates, amino
acids, and peptides, or sludge was used, which is even
more undefined. This makes it difficult to identify the
electron donors supporting the biodegradation activity.

A better understanding of the electron donors
involved in the anaerobic biodegradation of explosives
may help to develop strategies that stimulate the activity
of only the explosive biodegrading bacteria, as opposed
to the total heterotrophic anaerobic bacterial commu-
nity. This would be highly desirable for developing in
situ bioremediation approaches for contaminated soil
and groundwater where it is important to limit the
amount of biomass (and gas) accumulation to reduce the
potential for plugging the formation.

The primary objective of this study was to examine
the ability of a series of electron donors to stimulate the
anaerobic biotransformation of explosives. Here we
report the results of our studies demonstrating that the
addition of H, or electron donors that produce H,
stimulate the anaerobic biotransformation of RDX,
HMX, and TNT. These studies should be useful for
developing more efficient strategies for in situ bioreme-
diation of explosive contaminated soils and ground-
water.

2. Experimental section
2.1. Chemicals

RDX, HMX, and TNT used in this study were
obtained from the Holston Army Ammunition Plant
and were all greater than 99% purity. TAT was obtained
from Chem Service (Chem Service, West Chester, PN)
and was of the highest purity obtainable. Mononitroso-
RDX (MNX), dinitroso-RDX (DNX), and trinitroso-
RDX (TNX) were obtained from SRI International
(SRI International, Menlo Park, CA). All other
chemicals were of the highest purity obtainable.

2.2. Explosive-degrading anaerobic mixed culture

The biodegradation studies were carried out using an
explosive-degrading methanogenic mixed culture that
originated from the wastewater treatment plant at the
Holston Army Ammunition Plant in Kingsport, TN.

The plant receives wastewater generated during the
manufacture of RDX and HMX. The culture degrades
RDX when ethano! is added as the sole electron donor
[14]. In the absence of RDX, ethanol is completely
mineralized to CH,; and CO,, but in the presence of
RDX, stoichiometric amounts of acetate accumulate.

2.3. Explosive biotransformation with various electron
donors

Electron donors were evaluated for their ability to
support the anaerobic biodegradation of explosives by
comparing TNT, RDX, and HMX disappearance in
serum bottles (160ml) to those in sterile and electron
donor unamended controls. The studies were designed
to evaluate the biotransformation of the explosives and
not the amount of mineralization that may have

occurred. The studies were carried out as previously

described except as noted below [14]. Serum bottles were
prepared by filter sterilizing (0.2pm) a basal salts
medium containing 50pM TNT, 25uM RDX, and
8uM HMX. The mineral medium consisted of the
following per liter: NaCl, 0.8 g; NH,C], 1.0g; KCl, 0.1g;
MgSO,- 7TH,0, 0.02g; KH,PO,, 1.35; K,HPO,, 1.75g;
NaHCO;, 1.5g; TES buffer, 4.6g; resazurin, 0.001 g;
trace metal solution, 10 ml; and vitamins, 10 ml. The pH
of the medium was adjusted to 7.2. Approximately 80 ml
of the media was dispensed into sterilized 160m! serum
bottles and sealed with sterile butyl rubber stoppers and
aluminum crimp seals. The headspace gas was ex-
changed with 80% N,:20% CO, 3 x and then pressur-
ized to 1.3 ATM. Sterile cysteine-sulfide was added
(1mM final concentration), followed by 20m! of the
mixed culture. Sterile controls were prepared by adding
20ml! of a steam-sterilized culture and HgCl, (0.6 mM
final concentration). Filter sterilized (0.2um) stock
solutions of ethanol, propylene glycol (PG) or butyrate
were used to amend the serum bottles to a final
concentration of 10mM. Bottles containing hydrogen
as the sole electron donor were pressurized to 1.7atm
with a mixture of 80% H,:20% CO,. The total volume
of the microcosms was 100ml. The study was done in
triplicate and bottles incubated statically in the dark at
28°C.

2.4. Sampling

Liquid samples were taken periodically from the
serum bottles using a syringe and needle. Samples
analyzed for explosives were mixed with acetonitrile
(1:1) and filtered through a 0.45pum nylon filter. TAT
and ethanol were analyzed the same day samples were
taken, while the remaining samples were stored at
—20°C until use. Prior to analysis, stored samples were
thawed and centrifuged at 12,000 x g for Smin in a
bench top microcentrifuge.
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Samples of the headspace gases were taken by syringe
and needle and analyzed for CH, and H; by direct
injection into gas chromatographs.

2.5. Analytical methods

TAT was analyzed by reverse phase high-pressure
liquid chromatography (HPLC) as previously des-
cribed [13]. RDX, MNX, DNX, TNX, HMX, TNT,
2-amino-4,6-dinitrotoluene (2A46DNT), 4-amino-2,
6-dinitrotoluene (4A26DNT), 2,4-diamino-6-nitroto-
luene (24DA6NT), and 2,6-diamino-4-nitrotoluene
(26DA4NT) were analyzed by HPLC. The following
conditions were used: mobile phase, 65% water:35%
acetonitrile; injection volume, 20pl; flow rate,
0.8mimin~!; detector wavelength, 220nm; column,
Waters Symmetry C-8 reverse phase column (150 mm x
3.9mm, 5 um particles) with a guard column of the same
matrix. Acetate, butyrate, and propionate concentra-
tions were determined by HPLC using an Alitech anion
exclusion column (300mm x 7.8mm) and an UV
absorbance detector. The following conditions were
used: mobile phase, 0.003N H,SO,; wavelength,
210 nm; injection volume, 20 pl.

CH, was analyzed by GC [13] and hydrogen
concentrations were determined using a Trace Analy-
tical RGA3 Reductive Gas Analyzer GC as previously
described [15]. Ethanol was analyzed by gas chromato-
graphy using a Supelco 60/80 Carbopack B, 5%
Carbowax 20M packed column (1.8m x 2mm). One
ul liquid samples were injected onto the column using an
autosampler. The following GC conditions were used:
carrier gas, He; flow rate, 30 ml min~; injector tempera-
ture, 90°C; detector temperature, 250°C. The initial
oven temperature was 50°C. This temperature was
maintained for 3.5min, then ramped to 160°C at
100°Cmin~"! and held for 1 min before returning to 50°C.

Table 1

PG was analyzed using a Hewlett-Packard 5890 Series
I GC (Hewlett-Packard, Wilmington, DE) equipped
with a Hewlett-Packard 7673 autosampler and a
Hewlett-Packard 5970 B MSD mass spectrometer. The
GC was outfitted with a Supelco VOCOL capillary
column (60 m x 0.25mm x 1.5 um). 1,3-propanediol was
used as an internal standard. Samples were mixed 1:1
with methanol containing the internal standard
(4mgml~!) and filtered (0.2 pm). One pl sample volumes
were injected into the GC using the following condi-
tions: carrier gas, He; flow rate, 30ml min’, split flow;
injector temperature, 300°C. The initial oven tempera-
ture was 75°C, which was held for 1min and then
increased to 205°C at 10°Cmin~!. Concentrations of
PG and 1,3-propanediol were measured by select ion
monitoring at m/z 45 and 58, respectively.

3. Results
3.1. Biotransformation of explosives

The addition of H,, ethanol, or PG to the bottles
enhanced the transformation of the explosives by the
mixed culture (Table 1). In these bottles TNT was
completely depleted and we observed the transient
formation of 2A46DNT, 4A26DNT, 24DA6NT and
TAT. More than 50% of the initial TNT was observed
as TAT before the latter compound was transformed to
unidentified products. Presumably, the TAT was further
transformed to a mixture of azo derivatives [12] and/or
phenolic and acetyl derivatives [16]. TNT is reactive and
readily transformed by nonspecific reductases and low
molecular weight redox mediators [17]. Therefore, we
were not surprised to observe the complete loss of TNT
and the accumulation of partially reduced intermediates
in the controls and in the bottles amended with butyrate,
which was not metabolized (see below). 2A46DNT,

Influence of ethanol, hydrogen, propylene glycol, and butyrate on explosives removal in incubations containing the methanogenic

mixed culture

Electron donor Explosive removal (%)

TNT reduction products observed

TNT RDX HMX
Ethanol 100 100 53 2A46DNT, 4A26DNT, 24DA6NT, TAT
Hydrogen 100 100 40 2A46DNT, 4A26DNT, 24DA6NT, TAT
Propylene glycol 100 100 22 2A46DNT, 4A26DNT, 24DA6NT, 26DAANT, TAT
Butyrate 100 0 0 2A46DNT, 4A26DNT, 24DA6NT, 26DA4NT
Unamended 100 0 0 2A46DNT, 4A26DNT, 24DA6NT, 26DA4NT

TNT reduction products formed in butyrate amended and electron donor unamended bottles were persistent. In all other incubations
they were only observed as transient intermediates. Explosive removal calculated after 29 days incubation. Electron donors added to
final concentration of 6 mM. Abbreviations: 2A46DNT, 2-amino-4,6-dinitrotoluene; 4A26DNT, 4-amino-2,6-dinitrotoluene;
24DA6NT, 2,4-diamino-6-nitrotoluene; 26DA4NT, 2,6-diamino-4-nitrotoluene; TAT, 2,4,6-triaminotoluene.
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Table 2
Explosive degradation rates in bottles amended with ethanol,
H,, propylene glycol, or butyrate ’

Electron donor Degradation rate (WM day™’)

TNT RDX HMX
Ethanol >50.0 5.70 0.25
Hydrogen >50.0 2.95 0.39
Propylene Glycol >50.0 2.70 0.25
Butyrate >50.0 0.00 0.00
Unamended >50.0 0.00 0.00

Degradation rate is the maximum observed rate. TNT, RDX,
and HMX were added to starting concentrations of 50, 25, and
8 uM, respectively.

2500
g
© 2000 F— —3%
£ ®
g 1500 ; No Explosives
‘o 1000 1
g
£ 500 + Explosives
=

0

0 10 20 30 40 50
Days Incubation

Fig. 1. Effect of explosives on methane formation by a mixed
culture. The bottles amended with explosives contained a
mixture of 50 uM TNT, 25 uM RDX, and 8 yM HMX. Ethanol
was added to an initial concentration of 14mM. Values are the
means of three replicates +standard deviations. Error bars are
not shown for standard deviations that are less than 10% of the
value of the point.

4A26DNT, 24DA6NT and 26DA4NT accumulated and
at the end of the study they accounted for ~80% of the
initial TNT added (Table 1). Furthermore, we did not
observe the formation of TAT in these incubations,
highlighting the requirement of a suitable electron donor
to completely transform TNT to TAT.

Ethanol, H, and PG also supported the biotransfor-
mation of RDX (Table 1). We observed the transient
formation of <5puM MNX and DNX (data not shown).
We did not observe TNX or hydroxylaminodinitroso-
RDX, compounds previously observed with this culture
[14]. Presumably the ring was destabilized, resulting in
the formation of small molecular weight compounds
that were further metabotized by the mixed culture [7,9].
There was no loss of RDX in the butyrate amended
bottles, indicating the stability of the RDX ring under
anaerobic conditions in the absence of a suitable
electron donor.

-t
[+

- -
O N A
L iy

Ethanol/Acetate (mM)
o]

0 10 20 30
Days Incubation

¢

Fig. 2. Effect of explosives on acetate formation in bottles
containing ethanol. Bottles amended with explosives contained
a mixture of 50yM TNT, 25uM RDX, and 8uM HMX.
Ethanol added to a final concentration of 14 mM. Symbols: O,
ethanol (no explosives); @, ethanol (+explosives); [J, acetate
(no explosives); M, acetate (+explosives). Values are the means
of three replicates+standard deviations. Error bars are not
shown for standard deviations that are less than 10% of the
value of the point.

HMX was partially degraded in the bottles amended
with ethanol, H,, or PG (Table 1). The fate of HMX was
unknown, but two peaks were observed in HPLC
chromatograms with shorter retention times. These
could not be attributed to any TNT or RDX reduction
products; therefore they may have been HMX transfor-
mation products, possibly nitroso-HMX intermediates.

The maximum observed biodegradation rates for the
explosives are shown in Table 2. TNT was the most
rapidly degraded explosive (> 50.0 yM day™), followed
by RDX and HMX, regardless of which electron donor
was added to the serum bottles (Table 2). TNT and
RDX were degraded without a lag, while for HMX there
was no loss during the first 10 days of incubation in any
of the bottles with any of the electron donors.

3.2. Mass balance

The presence of the explosives consistently inhibited
the formation of methane by the mixed culture. This is
most clearly demonstrated in the bottles amended
with ethanol (Fig. 1). The presence of the explosives
was also a determining factor in whether or not the
acetate formed during the metabolism of ethanol was
depleted (Fig. 2). In the bottles amended with ethanol
but no explosives, acetate was only observed as a
transient intermediate, while it accumulated to stoichio-
metric amounts in the bottles containing the explosives
(Fig. 2).
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Table 3
Mass balance of substrate and products in methanogenic mixed culture after 49 days incubation
Treatment  Available hydrogen (1)

Generated from oxidation of substrate ~ Recovered in products Total recov® % Recov®

Methane Acetate Propionate

Eth 15.01+1.17 12.504+0.37 045+0.00 0 12.95+0.40 86+8
Eth+exp 16.34+0.53 0.85+0.02 10934009 O 11.784+0.11 7242
PG 16.2140.88 0.22+0.01 0.014+0.00 13.97+0.30 14.20+0.30 8843
PG+exp 16.211+0.88 0.27+0.26 0244008 12.75+0.96  13.26+1.18 82+4

The explosive amended bottles contained a mixture of TNT, RDX, and HMX at starting concentrations of 50, 25, and 8uM,
respectively. Ethanol and propylene glycol added to initial concentrations of 14 and 11 mM, respectively. Units are available hydrogen
17, Exp=explosives, Eth =ethanol, PG = propylene glycol, Recov =recovered. Values are the means of three replicates +standard

deviations.

2Total hydrogen available in methane, acetate, and propionate.

boj, Recovery=(total recovered/generated from oxidation of substrate) x 100.

1

Concentrations (mM)

0 10 20 30 40 50
Days Incubation

Fig. 3. Endproduct formation in bottles amended with PG.
Bottles amended with explosives contained a mixture of 50 pM
TNT, 25uM RDX, and 8uM HMX. PG added to a final
concentration of 10 mM. Symbols: O, PG (no explosives); @,
PG (+explosives); O, propionate (no explosives); B, propio-
nate (+explosives); *, PG (sterile control). Values are the
means of three replicates+standard deviations. Error bars are
not shown for standard deviations that are less than 10% of the
value of the point.

We recovered 86% and 72% of the ethanol as
methane and acetate in the bottles amended with
ethanol only and ethanol+explosives respectively
(Table 3). The ethanol not recovered probably went to
biomass formation, reduction of explosives, and an
endproduct we observed in the HPLC chromatograms
during fatty acid analysis, but were unable to identify.
We eliminated butyric acid, formic acid, fumaric acid,
propionic acid, isobutyric acid, isovaleric acid, crotonic

acid, pentanoic acid, isocaproic acid, caproic acid,
heptanoic acid, propanol and isobutanol as likely
candidates by comparing their HPLC retention times
to the peak of the unknown compound.

PG was rapidly degraded in both the explosive
amended and unamended sample sets (Fig. 3). Propio-
nate was the major end product observed and was not
further metabolized. In the former bottles, an additional
22 days was required after the PG was depleted before
essentially 100% of the propionate was observed, while
only 8 days in the latter bottles. PG is initially degraded
to propanol and propionate via a disproportionation
reaction [18]. The propanol formed is subsequently
oxidized to propionate. The absence of a stoichiometric
formation of propionate from PG before day 29 may
reflect the formation of propanol, a compound we did
not analyze for. At the conclusion of the study, we
recovered 88% and 82% of the PG as a mixture of
methane, acetate and propionate in the bottles contain-
ing PG only and PG + explosives, respectively (Table 3).
The PG not recovered probably went to biomass
formation and an unidentified peak that had the same
retention time as the unidentified peak observed in the
ethanol amended bottles discussed above. The com-
pound was observed in the bottles at time zero, but
increased in area only in the explosive amended bottles.

The persistence of propionate in the explosive
unamended samples indicated the absence of a signifi-
cant propionate degrading population. Upon extended
incubations (~ 6 months) we did eventually observe the
loss of propionate and a corresponding increase in
methane, suggesting the mixed culture does harbor a
propionate degrading population, albeit a small one.
Whether explosives are inhibitory to propionate degra-
dation cannot, therefore, be ascertained from these
experiments.
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The inhibition of the heterotrophic methanogens by
the explosives or their transformation products was also
observed in the bottles amended with hydrogen gas. We
were unable to perform an electron balance for the
hydrogen amended samples, but the inhibitory nature of
the explosives and/or the reduction products on auto-
trophic methanogenesis was evident. After 29 days
incubation, we observed the formation of 250 pumol
methane in controls, but less than 50 pmol in the bottles
amended with the explosives, an 80% decrease. Acetate
was a major end product observed in these bottles,
indicating the presence of an active homoacetogenic
bacterial population (Fig. 4). As was observed in the
bottles amended with ethanol, the presence of explosives
inhibited the metabolism of acetate that was formed.

There was no loss of butyrate in the explosive
amended bottles, even after 50 days of incubation (data
not shown). In the control bottles, there was a lag of
almost 20 days before any loss of butyrate was observed.
After an additional 20 days of incubation, butyrate was
completely depleted and no longer detected. The lack of

10 -

8- ™~
'§£ + Explosives
o 8]
5|
8 41
< No Explosives

2 “

0 T L I‘V_

0 10 20 30
Days Incubation

Fig. 4. Acetate formation in bottles containing a high H,
concentration (80% Hj, 1.7 atm). Bottles amended with
explosives were amended with a mixture of 50pM TNT,
25uM RDX, and 8 uM HMX. Values are the means of three
replicates +standard deviations. Error bars are not shown for
standard deviations that are less than 10% of the value of the
point.

Table 4

butyrate metabolism in the explosive amended bottles
appears, therefore, to be related to the presence of the
explosives.

3.3. Involvement of H, in supporting explosives
biotransformation

Hydrogen appears to be the immediate electron donor
supporting the anaerobic biodegradation of TNT, RDX,
and HMX. This is clearly seen in the bottles amended
with H, as the sole electron donor, but also in the bottles
amended with ethanol and propylene glycol (Tables 1
and 2). This is apparent when considering the reaction
pathways known for each substrate. The first step in the
anaerobic transformation of ethanol is presented in

Eq. (1) [19]

Ethanol + H,0 < acetate™ + HY + 2H,,
AGY = +9.6kJ /reaction. )

The stoichiometric formation of acetate and the
inhibition of methane production suggested hydrogen
was accumulating in the explosive amended samples.
Previous work with this culture demonstrated that it was
unable to utilize acetate as an electron donor for RDX
degradation (unpublished data). This supports our
contention that syntrophic hydrogen was the immediate
electron donor. To see if the hydrogen concentration
was greater in the explosive amended bottles, we
measured the hydrogen concentration in bottles
amended with ethanol and with ethanol and RDX.
The hydrogen concentration at the beginning of the
study in both sets of bottles ranged between 350 and
365nM (Table 4). In the explosive unamended bottles,
the concentration decreased to 54nM by day 5 and
remained at this level through day 26. In the RDX
amended bottles, however, the H, concentration in-
creased to 700nM by day 5 and to 869 nM by day 8, a
more than 16-fold greater concentration than in
explosive unamended controls. The stimulation of the
RDX biodegradation activity upon the addition of
ethanol appears to be due to the buildup of H, caused
by the inhibition of methane production by RDX.

Effect of RDX on the hydrogen concentration in the methanogenic mixed culture

Condition Days incubation

0 5 16 21 26
Ethanol 365452 54+1 S4+1 5340 53+1 5841
Ethanol+RDX 348 + 66 700+ 10 869431 428188 8249 81+11

Ethanol and RDX were added to initial concentrations of 10 mM and 25 pM, respectively. Values are the means of three

replicates + standard deviations. :
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Hydrogen also appeared to be the immediate electron
donor in the bottles that were amended with PG. In the
absence of a H,-using methanogen, PG is metabolized
by the Hy-producing acetogenic bacteria according to
Eq. (2) [18]

propylene glycol > propionate™ + H* + Hj,
AG® = —95.8 kJ/reaction. V)

The recovery of essentially 100% of the PG as
propionate and the absence of significant methane
formation suggested the hydrogen was also increasing
and serving as the immediate electron donor stimulating
the explosives biodegradation activity.

4. Discussion

Most studies demonstrating the anaerobic biodegra-
dation of explosives have been conducted under condi-
tions where the electron donors and acceptors were not
well defined. This makes it difficult to determine the
immediate electron donor supporting reductive trans-
formation of explosives. Consequently, it is difficult to
extrapolate results to the field to devise an appropriate
and practical in situ biological treatment strategy for
explosive contaminated environments. This prompted us
to evaluate the anaerobic biodegradation of explosives
under well-defined and rigorously controlled conditions.

Our findings indicate hydrogen is a key factor in
stimulating the anaerobic biotransformation of RDX,
HMX, and TNT. Others have also suggested the
potential involvement of hydrogen in stimulating the
anaerobic biodegradation RDX. The addition of hydro-
gen gas to RDX-contaminated aquifer slurries contain-
ing a bicarbonate buffered medium stimulated the
anaerobic biodegradation of RDX [20]. Oh et al.
observed enhanced RDX degradation in microcosms
containing anaerobic sludge and Fe® filings compared to
separate treatments [21]. They concluded that produc-
tion of cathodic hydrogen was serving as an electron
donor for the RDX degrading bacteria. Hydrogen
Release Compound™ (HRC™), a polylactate ester that
provides a source of H, upon metabolism of the lactate,
has also been shown to support the biodegradation of
RDX in an explosives contaminated aquifer [22].

The formation of hydrogen also appears to be a key
step in biodegrading TNT by Clostridia. The reduction
of the nitro groups has been attributed to the fortuitous
activity of the ferredoxin-reducing enzymes when they
are growing fermentatively on carbohydrates in a
complex medium [23). During the acidogenic phase of
growth, when the activity of the ferredoxin/hydrogenase
system is greatest, hydrogen gas is liberated to maintain
the redox balance offset by the production of large
quantities of partially oxidized fermentation products

like alcohols and organic acids [23,24]. The reduction of
the nitro groups is more complete and rapid during this
time [25]. During the solventogenic stage of growth,
when hydrogen formation is minimized, TNT is not
completely transformed and the hydroxylamino deriva-
tives accumulate in the growth medium.

Our studies demonstrate syntrophic hydrogen pro-
duced during the metabolism of ethanol and PG is also a
good source of reducing equivalents for explosives
biotransformation. Electron donors that undergo syn-
trophic oxidations may offer some practical advantages
over glucose for delivering reducing power (H,) to the
explosive biodegrading bacteria in situ. Hydrogen
production is maximized and growth yields are small
compared to glucose and lactate, important considera-
tions when devising in situ biological treatment strate-
gies where there is the potential for biomass
accumulation resulting in plugging at the well screens
and/or in the formation itself. The idealized fermenta-
tion of glucose to acetate (Eq. (3)) is a highly favorable
reaction [19]. The molar growth rate is high, often
resulting in the formation of 20-50g of biomass per
mole of glucose [26]

glucose + 4H,0 > 2 acetate™ +2HCO; +4H' +4H,,
AGY = —206.3 kJ /reaction. €)]

The oxidation of ethanol and PG to acetate (Egs. (1)
and (4)) produces two and four moles of hydrogen,
respectively. However, significantly less energy is avail-
able compared to glucose, decreasing the amount of
biomass formed

propylene glycol + 3 H,O
«sacetate™ + 4 H + HCO; + 4 Hy,

AGY = —19.2kJ /reaction. )

5. Summary and conclusions

The ability of reduced electron donors to support
explosive biotransformation was the focus of this study.
We have shown that H, or electron donors that produce
H, support the biodegradation of RDX, HMX, and
TNT. Collectively, our evidence supports our contention
that inhibition of methanogenesis results in an increase
in the hydrogen concentration as the parent electron
donor is metabolized. Hydrogen serves, therefore, as the
immediate electron donor stimulating the biotransfor-
mation of explosives.

PG has several advantages over other substrates for
delivering reducing equivalents to the subsurface envir-
onment. It is rapidly metabolized and can provide twice
the amount of reducing power as ethanol per mole of
substrate [18]. Furthermore, PG is generally regarded as
a safe compound (GRAS) and does not have any of the
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safety issues associated with ethanol. However, our
studies were inconclusive with respect to propionate, an
intermediate produced during the degradation of PG, to
support the biodegradation of explosives. Further
studies are needed to clarify the ability of both
propionate and butyrate to supply reducing equivalents
for explosives biodegradation. In our study the lack of
significant propionate and butyrate degrading popula-
tions made it impossible to determine if the presence of
explosives inhibited their transformation.

Our studies suggest several strategies can be devised in
the field to deliver reducing equivalents in the form of
H, to stimulate the anaerobic biotransformation of
explosives. Further research is warranted to determine
the stoichiometry of the appropriate reactions and
clarify the interrelationships existing between the elec-
tron donors, inhibition of methane production, and the
subsequent increase in H,. Clarification of whether
electron donors affect the explosive catabolic pathways
and distribution of end products is also needed. We
believe that additional studies will lead to promising new
approaches to the in situ biodegradation of explosives.
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